Introduction
============

Natural products and their derivatives have been a valuable chemical resource for finding promising drugs for the prevention and treatment of cancer ([@B01]). Recently, natural products isolated from endophytic fungi have attracted great attention. Some of these endophytes may produce bioactive substances involved in host-endophyte relationships. Many valuable bioactive compounds with anticancer activity have been successfully developed following discovery in endophytic fungi, such as taxol, camptothecin, and phenylpropanoids. Endophytes are also used as biocatalysts in the biotransformation process of natural products to obtain novel bioactive compounds ([@B02]). A growing body of evidence indicates that the endophytic genus *Pestalotiopsis* represents a huge and largely untapped resource of natural products with chemical structures that have been optimized by evolution for biological and ecological relevance. So far, 196 secondary metabolites have been discovered in this genus.

In our study, MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] was obtained from liquid culture of endophytic *Pestalotiopsis photiniae* isolated from the Chinese plant *Podocarpus macrophyllus* [Figure 1](#f01){ref-type="fig"}, a member of the family Podocarpaceae. MP is a derivative of phthalides, and several derivatives of phthalides have been reported to possess a wide spectrum of pharmacological and biological activities including antiallergic, antibacterial, anticoagulant, antifungal, anticancer, and histamine-inhibitory activity ([@B03], [@B04]).

![Structure of MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\].](1414-431X-bjmbr-46-08-0643-gf01){#f01}

MP was first isolated from *Alternaria porri* and reported to have antifungal activity and cytotoxic activity in cancer cell lines 9 ([@B05]- [@B07]). Although cytotoxic activity of MP was reported, little was known about the molecular mechanism of this effect of MP. In the present study, we found that MP could induce G1 cell cycle arrest and apoptosis in human cervical cancer (HeLa) cells. MP upregulated mRNA expression of the *p73*, *JunB*, *FKHR*, *Bim*, *p16^INK4a^*, *p21^CIP1^*, and *Gadd45α* genes. The p73 and FKHR pathways may be involved in MP-induced apoptosis and cell cycle arrest.

Material and Methods
====================

Material
--------

MP was provided by our research group at Hebei University (purity \>99%, HPLC analysis) ([@B07]) and dissolved in DMSO.

Cell culture
------------

HeLa cell lines were purchased from the cell culture center of the Institute of Basic Medical Sciences (IBMS), the Chinese Academy of Medical Sciences (CAMS), China. HeLa cells were grown in DMEM (Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen) and were cultured at 37°C in a humidified incubator containing 5% CO~2~.

MTT assay
---------

Cells were incubated in triplicate on 96-well plates with various concentrations of MP for the indicated times. The DMSO concentration was kept below 0.05%, where it was found to have no antiproliferative effect on the HeLa cells. MTT (20 μL, 5 mg/mL) was added to each well. After incubation at 37°C for 4 h, 100 µL 10% sodium dodecyl sulfate (SDS)-HCl was added, followed by incubation at 37°C overnight. The absorbance was measured at a wavelength of 570 nm. The 50% growth inhibitory concentration of MP on the cells was calculated from MTT data.

Flow cytometry assay
--------------------

HeLa cells were treated with MP at concentrations of 10, 20, and 40 μg/mL for 24 h. The control was treated with 0.05% DMSO. A total of 10^6^ cells were collected by centrifuging at 100 *g* for 5 min; sedimented cells were washed twice with ice-cold PBS. For cell cycle analysis, cells were fixed in ice-cold ethanol (70%, v/v) and stained with 0.5 mL propidium iodide (PI)/RNase staining buffer (BD Pharmingen, USA) for 15 min at room temperature and analyzed by flow cytometry (Becton Dickinson, USA). Apoptotic/necrotic cells were detected using the Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen). Briefly, cells were incubated with binding buffer (10 mM HEPES-NaOH, pH 7.5, 140 mM NaCl, and 2.5 mM CaCl~2~) and stained with PI and FITC-labeled Annexin V for 15 min at room temperature in the dark. Cell fluorescence was evaluated by flow cytometry using a FacsCalibur (BD Biosciences, USA) instrument and analyzed by the Cell Quest software (BD Biosciences).

Nuclear DAPI staining
---------------------

Exponentially growing cells were seeded on polylysine-coated glass coverslips on 24-well plates and cultured at 37°C, in a 5% CO~2~ atmosphere for 24 h. After incubation with MP, cells were washed with PBS three times, fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized with 0.1% Triton X100 (v/v) in 0.1% sodium citrate (w/v) in PBS for 20 min. The control was treated with 0.05% DMSO. Cells were washed with PBS three times and then incubated with DAPI (1 µg/mL) at room temperature for 5 min in the dark. After DAPI staining and a short washing step, coverslips were mounted and the fluorescence was visualized under fluorescent microscopy (Olympus, Japan).

Western blot analysis
---------------------

After treating cells with 0, 30, 40, and 50 μg/mL MP for 24 h, they were harvested. The control was treated with 0.05% DMSO. Subsequently, cells were incubated in lysis buffer (50 mM HEPES-NaOH, 100 mM NaCl, 0.5% NP-40, 2.5 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 0.7 μl/mL pepstatin, 0.5 μL/mL leupetin, 2 μg/mL aprotinin) for 10 min on ice. Cell lysates were centrifuged at 4°C for 15 min at 15,000 *g*. Protein concentrations in lysates were determined by the Bradford assay. Fifty micrograms of protein lysate per sample was denatured in 2X sample buffer and loaded onto SDS-polyacrylamide 8-12% Tris-glycine gels. After electrophoresis, proteins were transferred onto PVDF membranes (Millipore, USA) followed by blocking with 5% non-fat milk (w/v) in Tris-buffered saline for 1 h at room temperature. The membranes were then incubated with specific primary antibodies for 1 h. After they were washed, the membranes were incubated with appropriate secondary HRP-conjugated antibodies and visualized by electrochemoluminescence. Rabbit polyclonal antibodies for p73 (S-20) and p27^KIP1^ (C-19) were purchased from Santa Cruz Biotechnology (USA).

Real-time RT-PCR
----------------

Approximately 10^6^ cells were harvested at the indicated time and total RNA was isolated using Trizol reagent (Invitrogen) as described by the manufacturer. The integration of RNA was detected by agarose gel analysis and A~260~ spectrophotometry. Reverse transcription of total RNA was performed by PrimeScript™ High Fidelity RT-PCR Kit (Takara, Japan). Real-time RT-PCR was performed using an iCycler PCR machine (Bio-Rad, USA). Specificity of each PCR was examined by the melting temperature profiles of the final products. Standard curves were calculated using cDNA to determine the linear range and efficiency of each primer pair. Reactions were done in triplicate, and the relative amounts of gene were normalized to GAPDH. Relative gene expression data were analyzed by the comparative CT method (ΔΔ^CT^ method) as follows: *p16^INK4a^* ([@B08]), sense: GGGGGCACCAGAGGCAGT, antisense: GGTTGTGGCGGGGGCAGTT; *Bim* ([@B09]), sense: ATCCCCGCTTTTCATCTTTA, antisense: AGGACTTGGGGTTTGTGTTG; *FKHR*, sense: TCGTCATAATCTGTCCCTACACA, antisense: GGCTCTTAGCAAA; *p73* ([@B10]), sense: CATGGAGACGAGGACACGTACTAC, antisense: CTCCATCAGCTCCAGGCTCT; *GADPH* ([@B11]), sense: TGCACCACCAACTGCTTAGC, antisense: GGCATGGACTGTGGTCATGAG; *JunB* ([@B12]), sense: CTGGTGGCCTCTCTCTACACG, antisense: CCCGCGGGGGTAAAAGTACTG; *p21^CIP1^* ([@B10]), sense: CCTCATCCCGTGTTCTCCTTT, antisense: GTACCACCCAGCGGACAAGT; *Gadd45α* ([@B10]), sense: TCAGCGCACGATCACTGTC, antisense: CCAGCAGGCACAACACCAC; *p27^KIP1^* ([@B13]), sense: AGCCAGCGCAAGTGGAATTT, antisense: TTGGGGAACCGTCTGAAACA; *CCNE1* ([@B14]), sense: GAAATGGCCAAAATCGACAG, antisense: CCGGTCATCATCTTCTTTG.

Statistical analysis
--------------------

All data are reported as means±SD. Microsoft Office Excel was used for data analyses. Differences between the treatment groups were assessed using the two-tailed unpaired Student *t*-test. P\<0.05 was considered to be statistically significant.

Results
=======

Antiproliferative and proapoptotic activity of MP on HeLa cell lines
--------------------------------------------------------------------

MP had an antiproliferative effect on HeLa cells. HeLa cells were treated with various concentrations of MP, and relative cell viability was assessed by MTT assay after 24, 48, and 72 h of culture [Figure 2](#f02){ref-type="fig"}. The 50% growth inhibition concentration was 36, 22, and 13 μg/mL for 24-, 48-, and 72-h incubation, respectively.

![Effect of MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] on the viability of HeLa cell lines. Cell viability was measured with the MTT assay. Cells were treated with 5, 10, 20, 40, and 80 μg/mL MP or with DMSO (0.05%) as the vehicle control for 24, 48 and 72 h. Results are reported as means±SD of triplicate independent experiments at each time point. \*P\<0.05 and \*\*P\<0.01 compared with the control group (two-tailed unpaired *t*-test).](1414-431X-bjmbr-46-08-0643-gf02){#f02}

Apoptotic cell death was analyzed in HeLa cells treated with MP for various periods of time by flow cytometry using Annexin V-PI staining. The early apoptotic cells (regarded as Annexin V-positive and PI-negative) significantly increased from 2.32% in control cells to 8.69% (10 μg/mL), 31.71% (20 μg/mL), and 45.22% (40 μg/mL) [Figure 3](#f03){ref-type="fig"}. In addition, cell death was assayed morphologically by fluorescence microscopy of DAPI staining. Compared with untreated cells, typical markers of apoptosis such as significant chromatin condensation, nuclear deformation, and disassembly were observed in drug-treated cells [Figure 4](#f04){ref-type="fig"}. Overall, these results indicated that MP brought about cell death mainly by induction of apoptosis.

![MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] induces apoptosis in HeLa cancer cells. HeLa cells were treated with 10, 20, and 40 μg/mL MP for 24 h, and then analyzed for apoptosis by flow cytometry. Cells were stained with Annexin V and propidium iodide (PI). Controls were treated with 0.05% DMSO. Each value is the average of three independent experiments.](1414-431X-bjmbr-46-08-0643-gf03){#f03}

![Nuclear morphological change after MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] treatment. DAPI staining of HeLa cells treated without or with 40 μg/mL MP for 12 and 24 h shows chromatin condensation and nuclear fragmentation. The control was treated with 0.05% DMSO for 24 h.](1414-431X-bjmbr-46-08-0643-gf04){#f04}

MP-induced G1 arrest of the cell cycle in HeLa cells
----------------------------------------------------

HeLa cells treated with various concentrations of MP accumulated in the G1 phase of the cell cycle, with a reduction in the percentage of cells in S phase [Figure 5](#f05){ref-type="fig"}. These results suggested that MP inhibited cellular proliferation of HeLa cells via the G1 phase arrest of the cell cycle.

![MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] caused cell cycle arrest in G1 phase. HeLa cells were treated with DMSO (0.05%) or 10, 20 and 40 μg/mL MP for 24 h, stained with propidium iodide, and their DNA content analyzed using flow cytometry. Each value represents the average of three independent experiments.](1414-431X-bjmbr-46-08-0643-gf05){#f05}

p27 is a cyclin-dependent kinase inhibitor (CKI) that can induce cell cycle arrest in G1 phase, thereby inhibiting cell proliferation ([@B15]). The amount of p27^KIP1^ protein was significantly increased [Figure 6](#f06){ref-type="fig"}, but *p27^KIP1^* mRNA expression was not changed [Figure 7A](#f07){ref-type="fig"}.

![Western blot analysis of p73 and p27^KIP1^ expression by HeLa cells exposed to various concentrations of MP (0, 30, 40, and 50 μg/mL). Control cells were treated with 0.05% DMSO. Cells were harvested and proteins were separated by SDS-PAGE and transferred onto a PVDF membrane. Western blot analysis was performed using specific p27^KIP1^, p73 and GAPDH antibodies. Arrow indicates the nonspecific bands.](1414-431X-bjmbr-46-08-0643-gf06){#f06}

![Real-time RT-PCR analysis of *A*, cell cycle-regulating gene expression and *B*, *p73*, *JunB*, *p16^INK4a^*, *FKHR*, and *Bim* gene expression. HeLa cells were treated with 40 μg/mL MP \[4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxyphthalide\] for 0, 12, 24, and 36 h. Control cells were treated with 0.05% DMSO. Data are reported as means±SD of triplicate independent experiments. \*P\<0.05 and \*\*P\<0.01 compared with the control group (two-tailed unpaired *t*-test).](1414-431X-bjmbr-46-08-0643-gf07){#f07}

The cell cycle-regulating genes, *p21^CIP1^* and *Gadd45α*, were examined using real-time RT-PCR. *p21^CIP1^* is another CKI that causes G1 arrest, and *p21^CIP1^* mRNA expression was significantly increased at 12 and 24 h (1.5- and 2.3-fold) after drug treatment [Figure 7A](#f07){ref-type="fig"}. *Gadd45α* can interact with *p21^CIP1^* to promote G1 arrest ([@B16]). *Gadd45α* mRNA was significantly increased 8.8-fold at 24 h and 13.9-fold at 36 h ([Figure 7A](#f07){ref-type="fig"}). The mRNA levels of cyclin E were also significantly reduced by 16% at 36 h ([Figure 7A](#f07){ref-type="fig"}).

Effect of MP on mRNA expression of *p73*, *p16^INK4a^* and *JunB*
-----------------------------------------------------------------

MP significantly increased p73 protein expression [Figure 6](#f06){ref-type="fig"}. The expression of *p73* mRNA was significantly higher (by 2.6-fold) at 36 h compared to the control. *JunB* is a *p73*-regulated gene that can induce p16^INK4*a*^ expression ([@B17]). Subsequently, we examined the expression of *JunB* and *p16^INK4a^* mRNA. *JunB* expression was significantly increased at 12 h and achieved the maximum increase (7.6-fold) at 36 h. The expression of *p16^INK4a^* mRNA was significantly increased at 24 and 36 h (4.6- and 2.4-fold), respectively; [Figure 7B](#f07){ref-type="fig"}.

Effect of MP on mRNA expression of *FKHR* and *Bim* genes
---------------------------------------------------------

*FKHR* (*FOXO1*) is a forkhead box transcription factor, and it is often upregulated after drug treatment ([@B18],[@B19]). *FKHR* induces apoptosis by upregulating several cell death genes such as *Bim* ([@B20]). The real-time RT-PCR results showed that MP significantly induced the expression of *FKHR* mRNA by 3.3-fold at 12 h. After treatment with MP, the mRNA levels of BH3-only genes, *Bim*, were significantly increased by 3.5-fold. *FKHR* and *Bim* mRNA increased in a similar manner [Figure 7B](#f07){ref-type="fig"}.

Discussion
==========

Phthalide derivatives are reported to have a variety of pharmacological activities, but there have been few reports on their anticancer activity. n-Butylidenephthalide and z-ligustilide, two phthalides isolated from *Angelica sinensis*, have recently been found to be cytotoxic against several brain tumor cell lines and leukemia cells ([@B21]). Two new phthalides, named zinnimide and deprenylzinnimide, isolated from *A. porri* were highly cytotoxic toward HeLa and KB cells ([@B05]). Little was known about the molecular mechanism of cytotoxic effects of phthalide derivatives. MP is a derivative of phthalides isolated from the endophytic fungi *P. photiniae*. Flow cytometry showed that MP induced G1 cell cycle arrest and apoptosis in a dose-dependent manner. MP was able to induce marked apoptotic morphology in HeLa cells in a time-dependent manner.

We found that MP caused significant cell-cycle arrest in G1 phase. Cell cycle progression is controlled by a family of serine/threonine kinase holoenzyme complexes, composed of cyclins and cyclin-dependent kinases (CDKs). The activated CDK-cyclin complexes can phosphorylate their substrates on serines and threonines and are negatively regulated by CKIs. There are two known groups of CKIs. One group is the INK4 family (p16^INK4a^, p15^INK4b^, p18^INK4c^, and p19^INK4d^). The second group is the CIP/KIP family (p21^CIP1^ and p27^KIP1^) ([@B22]).

The amounts of p27^KIP1^ and p73 proteins were significantly increased [Figure 6](#f06){ref-type="fig"}. Protein p73 is a member of the p53 family. Like p53, p73 induces G1 cell growth arrest. Due to its high homology to p53, the p53-related protein p73 is capable of trans-activating *p53* target genes ([@B23]). Upregulation of p27^KIP1^ and p73 proteins may be involved in G1 cell cycle arrest after MP treatment, but further experimental evidence is needed for confirmation. p73 mRNA expression was only increased significantly after 36 h, but p73 protein levels were increased at 24 h. This inconsistency may be related to inhibition of p73 protein degradation, resulting in the observed increase in protein levels.

Cyclin E binds to G1 phase Cdk2, which is required for the transition from G1 to the S phase of the cell cycle and required for cell division. MP could significantly decrease the cyclin E mRNA levels. Higher expressions of *p21^CIP1^* and *Gadd45α* genes may promote MP-induced G1 cell cycle arrest.

*JunB* is a p73-regulated gene and inhibits cell proliferation by inducing cyclin-dependent kinase inhibitor p16^INK4a^ ([@B17]). In our study, MP could significantly elevate *p16^INK4a^* and *JunB* mRNA levels. Any reason contributing to weakened p73 protein expression could impair JunB expression in myeloid cells ([@B24]). In previous reports, the drug hydroxyurea used for cancer therapy also induced the upregulation of JunB and c-jun in HeLa cells. The JunB target gene, tumor suppressor *p16^INK4a^*, was also upregulated by hydroxyurea in a JunB-dependent manner ([@B25]). Expression of JunB and p16^INK4a^ mRNA was significantly upregulated after treatment. Whether the p73-JunB-p16 pathway was involved in cell cycle arrest requires further experimental investigation.

FOX transcription factors can induce cell cycle arrest and apoptosis in cells. Fox transcription factors enhance the levels of various CKIs such as p27^KIP1^ and p21^CIP1^ in cell cycle arrest at the G1 phase. Its proapoptotic effect is mainly through transcriptional activation of proapoptotic genes including *FasL*, *Bcl-6*, and the BH3-only gene, *Bim*([@B26], [@B27]).

Bim is one of the most potent proapoptotic BH3-only proteins. Bim is capable of directly activating Bax and Bak, which mediate the release of cytochrome c from mitochondria, resulting in cell death ([@B28]). The upregulation of *Bim* mRNA may be associated with MP-induced apoptosis. A previous study suggested a novel role for p73 in the regulation of Akt-FKHR-Bim signaling and apoptosis ([@B20]). Further experimental investigations are needed to estimate the effect of p73 on the FKHR pathway in MP-induced cell death.

In conclusion, MP has shown cytotoxic activity on HeLa cancer cell lines by upregulating p27^KIP1^ and p73 proteins. Protein p73 may play a crucial role in this process by upregulating CKI gene expression such as *p27^KIP1^* and *p21^CIP1^* and regulating FKHR-Bim signaling. Therefore, MP shows potential use in the treatment of cervical cancer cells.
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